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A full-length cDNA coding for troponin-C isolated from an adult rabbit fast skeletal muscle library has been sequenced 
and expressed in an E. cob host. The amino acid sequence derived from the coding region agrees with the published 
protein sequence xcept hat the first two residues are reversed. The expressed protein was found to be identical to purified 
rabbit skeletal troponin-C based on electrophoretic mobilities in polyacrylamide gels containing either SDS or urea, and 
on immunoblotting. These results establish that our troponin-C cDNA clone is suitable for site-directed mutagenesis 
studies on the structure and function of troponin-C 
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1. INTRODUCTION 
Contraction of mammalian striated muscle is 
regulated by Ca*+ and requires the regulatory pro- 
teins troponin and tropomyosin [I]. Binding of 
Ca*+ to the low-affinity metal binding sites of 
troponin-C (TnC), the calcium-binding subunit of 
troponin, propagates conformational transitions 
from TnC itself to the other subunits of troponin, 
and ultimately to the entire thin filament so as to 
activate contraction [2,3]. Site-directed muta- 
genesis provides a means for elucidating the 
mechanism of the Ca*+-regulation process at the 
molecular level. As a first step to this end, we have 
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The nucleotide sequence presented here has been submitted to 
the EMBL/GenBank database under the accession number 
YOO760 
isolated and sequenced a full-length cDNA coding 
for rabbit fast skeletal TnC. We have also express- 
ed this cDNA in an E. coli host, and identified the 
expressed protein as TnC based on electrophoretic 
mobilities in either SDS or urea containing poly- 
acrylamide gels, and on an immunoblot assay. 
2. MATERIALS AND METHODS 
2.1. Materials 
Materials for library construction were from Pharmacia. 
Restriction enzymes and materials for sequencing were from 
New England Biolabs. AMV reverse transcriptase was from 
Life Sciences. Radioisotopes were from New England Nuclear. 
Materials for electrophoresis were from BioRad. TnC was 
purified from rabbit skeletal muscle ether powder according to 
141. 
2.2. Cloning and sequencing 
For library construction, total RNA was isolated from adult 
rabbit fast skeletal muscle according to [S]. Poly(A)+ RNA was 
isolated from total RNA according to [6]. The cDNA library 
was constructed from 10,ug of Poly(A)+ RNA according to [7] 
using oligo(dT) tailed PSV7186 and oligo(dG) tailed PSV1932 
as the vector primer and linker DNA, respectively. 
The library was screened with a rabbit fast skeletal TnC 
22 
Published by Elsevier Science Publishers B. V. (Biomedical Division) 
00145793/88/$3.50 0 1988 Federation f European Biochemical Societies 
Volume 228, number 1 FEBS LETTERS February 1988 
cDNA probe containing 94 nucleotides in the coding region 
(nucleotides 218-311 in fig.2) [8]. The probe was subcloned into 
Ml3 and radiolabelled by primer extension [9] in the presence 
of [CX-“P]ATP. The recombinants were screened by colony 
hybridization [lo] using about 2-3 x lo6 cpm of ‘2P-labelled 
probe per filter, each filter containing about 1000 recom- 
binants. 
For Southern blot analyses [ll] plasmid DNA isolated from 
clones of individual positive recombinant bacteria was cut with 
the restriction enzymes Hind111 and Pvull or Hind111 and Accl 
[7], electrophoresed in 1% agarose gels, and transferred to 
nitrocellulose paper. The blots were then hybridized with the 
radiolabelled probe. For Northern blot analyses total RNA 
isolated from rabbit fast skeletal muscle was electrophoresed in
1% formaldehyde agarose gels, transferred to nitrocellulose 
paper and the resulting blots were hybridized [12] with 32P- 
labelled probes prepared by nick-translation [12,13] of plasmid 
DNA isolated from positive recombinants. 
Sequencing of the TnC cDNA was performed in both double- 
stranded DNA of the PSV cloning vector and single-stranded 
DNA of the M13mp18 and M13mp19 sequencing vectors by the 
dideoxy chain termination method [14] following the New 
England Biolabs protocol. Sequencing was initiated within the 
coding region by the use of synthesized (Cyclone DNA syn- 
thesizer, Biosearch) oligonucleotide primers I and II (see fig.2), 
corresponding to the 3’- and 5’-ends of the screening probe, 
and extended using primers III and IV (fig.2). Universal and 
other synthesized primers were used to obtain overlapping se- 
quences on both strands. 
2.3. Expression and characterization of the product 
A vector containing the T, bacteriophage RNA polymer- 
ase/promoter system [lS] was used for the expression of the 
TnC cDNA. The insert containing the complete TnC cDNA was 
ligated into the polylinker Hind111 and Smal restriction sites of 
the plasmid pT7-6, which contains the T7 RNA polymerase pro- 
moter 410. A second plasmid, pGPl-2, containing the T7 RNA 
polymerase gene which is controlled by the temperature induci- 
ble APL promoter was then introduced into a competent strain 
of E. coli (BK9MDG) [16] together with the first plasmid. 
Transformed cells were grown at 30°C until mid-log phase was 
reached. The temperature was then raised to 42°C to initiate ex- 
pression of the insert, while rifampicin was added to inhibit fur- 
ther expression of bacterial proteins. To radiolabel the 
expressed protein, [?S]methionine was present in the M9 
growth medium. To maximize expression, enriched medium 
(2% tryptone, 1% yeast extract, 0.5% NaCl, 0.2% glycerol, 
50 mM KzHP04, pH 7.2) was used. 
For partial purification of the expressed material, cells were 
lysed in the French pressure cell press at 12000 lb/inch2, 4”C, 
and solid (NH4)zS04 was added to the bacterial ysate to yield 
a 55% saturated solution. The pellet was discarded, and the pH 
of the supernatant was adjusted to 4.1. After stirring for 30 min 
at 4°C the pellet was collected and resuspended in 20 mM 
Hepes, 2 mM EDTA, 10 mM dithiothreitol, pH 7.5, followed 
by dialysis against the same buffer. SDS and urea-EDTA 
PAGE were carried out according to [ 171 and [ 1 Sj , respectively. 
Anti-TnC was obtained by immunizing a goat with purified 
rabbit fast skeletal TnC. The bleeds were pooled and the anti- 
serum was subjected to DEAE column chromatography, 
yielding a purified IgG fraction. Immunoblotting 1191 was car- 
ried out essentially according to the protocol provided by 
Millipore. After transfer of proteins from gels to PVDF mem- 
branes (Immobilon, Millipore) [2O], the blots were blocked with 
bovine serum albumin, incubated with the goat anti-TnC, then 
with horseradish peroxidase-conjugated rabbit anti-goat IgG 
(Sigma). Color was developed with diaminobenzidine 
(0.8 mg/ml) and Hz02 (0.03%). 
3. RESULTS AND DISCUSSION 
The PSV cloning vector was chosen for con- 
struction of the library because Okayama and Berg 
[7] reported that cloning in this vector favors full- 
length or near full-length cDNAs. Out of -5000 
recombinants that were screened with the 94 
nucleotide TnC cDNA probe, 35 positive colonies 
28 
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Fig. 1. Hybridization of total rabbit fast skeletal RNA (15 Fg) 
with ‘2P-labelled nick-translated G7G TnC plasmid DNA (Nor- 
thern blot). Approx. 2 x lo6 cpm of the probe was hybridized 
in 6 x SSC, 1 x Denhardt solution, 0.5% SDS, lOOrg/ml 
ssDNA, 0.05% NasPzO,, pH 6.4, at 68°C for 12 h. A single 
band (arrow) corresponding to 741 nucleotides was obtained. 
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ranging in size from 350-750 nucleotides were ob- 
tained. This suggests that TnC mRNA amounts to 
about 0.7% of total mRNA, consistent with the 
known TnC content of mammalian skeletal muscle 
[21]. Southern blot analysis of the plasmid DNA 
from the recombinant with the longest insert 
(designated as G7G) confirmed that its size is 
about 750 nucleotides (not shown). Northern blot 
analysis of total mRNA using radiolabelled nick- 
translated G7G plasmid DNA yielded a single band 
of hybridized RNA whose size was estimated to be 
740 nucleotides (fig. 1). These results indicate that 
the G7G insert is very likely a full-length TnC 
cDNA. 
The nucleotide sequence of the G7G insert 
(fig.2) contains the complete coding region of 483 
nucleotides (including the initiation and termina- 
tion codons), the 5 ‘- and 3 ‘-untranslated regions 
of 65 and 102 nucleotides, respectively, terminated 
with a poly(A) tail of about 100 nucleotides. This 
sequence is similar, but not identical to that 
reported by Zot et al. [22] for a TnC cDNA 
isolated from a neonatal rabbit skeletal muscle 
library. The derived amino acid sequence is iden- 
tical to the published amino acid sequence [23] of 
rabbit fast skeletal muscle TnC except hat the first 
two residues at the N-terminus are reversed. Since 
the N-terminus of TnC is acetylated, we believe 
that the determined amino acid sequence is more 
likely to be in error owing to the difficulty in se- 
quencing N-terminal peptides of blocked proteins. 
A search for secondary structures revealed the 
presence of a hair-pin structure in the 3 ‘-untrans- 
lated region. This hair-pin contains 22 nucleotides 
in the stem and 13 bases in the loop, flanked by 20 
and 47 nucleotides in the proximal and distal ends, 
-65 CGTCTGTGCGTGGTGGAGTTCAGGGGAGGCGGCTCACGGCAGGGGTGGCCCAGTGACCAGCAACC 
lAn;ACGGACCAGCAGGCTGAGGCCCGGTCCTACCTCAGCGAGGAG~~ 
Met Thr Asp Gln Gln Ala Glu Ala Arg Ser Tyr Leu Ser Glu Glu Met Ile Ala 
III 
55 GAGTTCAAGGCC GCC TTC GRCATG TTT GAT GCT GAT GGC GGT GGT GACATCAGC 
Glu Phe Lys Ala Ala Phe Asp Met Phe Asp Ala Asp Gly Gly Gly Asp Ile Ser 
109 Gn:AAGGAGTn;GGCACAGTCATGAOGAn;Cr(;GGCCAGACAC(X:ACCAAAGAG 
Val Lys Glu Leu Gly Thr Val Met Arg Mat Leu Gly Gln Thr Pro Thr Lys Glu 
163 GWGCTGGACGCC Al-C! ATCGAGGAGGTGGATGAGGATGGCAGCGGCACCATCGAC 
Glu Leu Asp Ala Ile Ile Glu Glu Val Asp Glu Asp Gly Set Gly Thr Ile Asp 
4 
217 TIY:GAGGAGTTCTTGGTCA~An;C;TGCGCCAGAn;AAAGAGGACGCCAAGGGC 
Phe Glu Glu Phe Leu Val Met Met Val Arg Gin Met Lys Glu Asp Ala Lys Gly 
& 
271AAGAGCGAGGAGGAGCn;~GAGTGCTn:CGCATCTn:CACAGGAACGCAGAC 
Lys Ser Glu Glu Glu Leu Ala Glu Cys Phe Arg Ile Phe Asp Arg Aan Ala Asp 
325GGcTAcATCGAcGcccAGGAG~GGcTGAGATTTn:AM;Gcc~GGGGAGcAc 
Gly Tyr Ile Asp Ala Glu Glu Leu Ala Glu Ile Phe Arg Ala Ser Gly Glu Eis 
IV- 
379 GTGAcGGAcGAGGAGATcGAATcCCn;An;AAGGAcGGGGAl:AAGAAcAAcGAT 
Val Thr Asp Glu Glu Ile Glu Ser Leu Met Lys Asp Gly Asp Lys Asn Aan Asp 
l 
433 GGC CGC ATT GAC TTC GAC GAG TTC CTG AAG ATG ATG GAG GGC GTG CAG TAA 
Gly Arg Ile Asp Phe Asp Glu Phe Leu Lys Met Met Glu Gly Val Gln * 
~-~--~--_--_~--^ 
484 GGCTGGGGTC TCCGCCTCCGGCCCCGCGCGGCTCGTTCCC TGCCCCGCGC GGGWGGCCC CTTCT 
549 GGCTC CGTGTCTGGA AGG&ti GCAAACGTTG CCAUAAAA..... 
Fig.2. Complete nucleotide sequence ofrabbit fast skeletal TnC cDNA. Lines with arrows indicate synthesized s quencing primers 
and direction of sequencing. The consensus polyadenylation sequence AATAAA (dotted 1ine)is found 14 residues from the poly(A) 
tail. A stem (solid ne)-loop (broken line)-stem (solid line) structure is found as residues 504-539. 
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respectively. Interestingly, such stem-loop struc- 
tures have been deduced for the 3 ‘-untranslated 
regions of many prokaryotic and eukaryotic 
mRNAs [24]. 
The cloned TnC cDNA was expressed in E. coli 
using the T7 polymerase/promoter expression vec- 
tor [15] in the presence of [35S]methionine and the 
bacterial lysate subjected to SDS-PAGE. Auto- 
radiography of the gel (fig.3) reveals a single major 
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Fig.3. Autoradiograph of [3sS]methionine labelled expressed 
protein run in 12.5% SDS PAGE. Lanes: 1, purified TnC 
(Coomassie blue stained); 2-4, lysate of cells transformed with 
expression vector containing TnC cDNA, expression induced in 
the presence of [%]methionine for 10, 20 and 60 min, respec- 
tively; 5, control experiment, using lysate of cells transformed 
with expression vector that does not contain TnC cDNA. 10 pl 
Fig.4. Analysis of expressed TnC by urea-EDTA PAGE (10% 
polyacrylamide in 5 M urea, 2 mM EDTA, 0.08 M Tris- 
glycine, pH 8.6) and immunoblotting. (A) Lanes: 1 and 3, lysate 
(- 120 ,ug total protein) of E. coli cells transformed with expres- 
sion vector that does not contain TnC cDNA, before and after 
partial purification, respectively; 2 and 4, lysate (- 120 pg total 
protein) of cells transformed with expression vector that con- 
tains TnC cDNA, before and after partial purification, respec- 
tively; 5, purified TnC (1Opg). (B) Lanes: 1, Coomassie blue 
stained blot of bacterial lysate containing the expressed protein; 
2 and 3, immunoblots of lysate from cells transformed with ex- 
pressjon vector that does and does not contain TnC cDNA, 
lysate was loaded in each lane (2-5). respectively; 4, immunoblot of purified TnC. 
rabbit skeletal TnC. This band does not appear in 
the lysate of cells that were transformed with the 
expression vector not containing the insert. Using 
molecular mass markers, the size of the expressed 
protein was estimated to be 18 kDa. Thus, the ex- 
pressed protein appears to be identical to rabbit 
skeletal TnC with respect to its molecular mass. 
To enrich the expressed protein, bacterial lysate 
was subjected to partial purification (section 2.3), 
then analyzed by urea-EDTA PAGE, which 
separates proteins according to charge [18]. Fig.4a 
shows that aband of high mobility is present in the 
enriched lysate of cells that has been transformed 
with insert-containing vector. This band is barely 
detectable in the lysate before enrichment, is not 
present in the lysate of cells transformed with 
insert-free vector (either before or after enrich- 
ment), and has the same mobility as that of 
purified TnC in the same gel system. Thus, the ex- 
pressed protein is indistinguishable from TnC with 
respect to its overall charge. 
A urea gel of the partially purified expressed 
a 
12345 2 34 
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protein was also analyzed by immunoblotting. A 
single band in the lysate containing the expressed 
protein reacts with anti-TnC (fig.4b). This band 
has the same mobility as that of purified TnC, and 
does not appear in the lysate of bacteria transform- 
ed with insert-free vector. Thus, the expressed pro- 
tein is immunologically indistinguishable from 
TnC. 
In conclusion, we have isolated and characte- 
rized a full-length cDNA clone of adult rabbit fast 
skeletal TnC, which when inserted into an expres- 
sion vector gave rise to synthesis in E. coli of a pro- 
tein that can be identified as TnC by several 
biochemical and immunological criteria. This ex- 
pression of a full-length mammalian skeletal mus- 
cle TnC cDNA as reported here represents the first 
step towards overproduction of mutagenized TnC 
in order to systematically analyze the structure and 
function of TnC. Work along these lines is in pro- 
gress in our laboratory. 
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